The salience network is a distributed neural system that maintains homeostasis by regulating autonomic nervous system activity and social-emotional function. Here we examined how within-network connectivity relates to individual differences in human (including males and females) baseline parasympathetic and sympathetic nervous activity. We measured resting autonomic nervous system physiology in 24 healthy controls and 23 patients with behavioral variant frontotemporal dementia (bvFTD), a neurodegenerative disease characterized by baseline autonomic deficits. Participants also underwent structural and task-free fMRI. First, we used voxel-based morphometry to determine whether salience network atrophy was associated with lower baseline respiratory sinus arrhythmia (a parasympathetic measure) and skin conductance level (a sympathetic measure) in bvFTD. Next, we examined whether functional connectivity deficits in 21 autonomic-relevant, salience network node-pairs related to baseline autonomic dysfunction. Lower baseline respiratory sinus arrhythmia was associated with smaller volume in left ventral anterior insula (vAI), weaker connectivity between bilateral vAI and bilateral anterior cingulate cortex (ACC), and stronger connectivity between bilateral ACC and bilateral hypothalamus/ amygdala. Lower baseline skin conductance level, in contrast, was associated with smaller volume in inferior temporal gyrus, dorsal mid-insula, and hypothalamus; weaker connectivity between bilateral ACC and right hypothalamus/amygdala; and stronger connectivity between bilateral dorsal anterior insula and periaqueductal gray. Our results suggest that baseline parasympathetic and sympathetic tone depends on the integrity of lateralized salience network hubs (left vAI for parasympathetic and right hypothalamus/amygdala for sympathetic) and highly calibrated ipsilateral and contralateral network connections. In bvFTD, deficits in this system may underlie resting parasympathetic and sympathetic disruption.
Introduction
The salience network is a distributed brain system that produces emotions and monitors the dynamic conditions of the body (Seeley et al., 2007) . With hubs in ventral anterior insula (vAI) and anterior cingulate cortex (ACC) and tight connections with ventral striatum and central pattern generators, including the hypothalamus, amygdala, and periaqueductal gray (PAG), the salience network participates in, and may coordinate, autonomic nervous system (ANS) regulation. During emotions, the salience network triggers visceromotor changes that disrupt quiescence and move an organism from rest to action. At rest, the salience network adjusts the internal milieu to meet current metabolic and motivational conditions (Benarroch, 1993; Carmichael and Price, 1995; Ongür and Price, 2000; Saper, 2002; Barbas et al., 2003a; Critchley, 2005; Beissner et al., 2013; Critchley and Harrison, 2013) . A continuous stream of sensory information travels from the spinal cord through the brainstem via the lamina I spinothalamic pathway and vagal afferents. This interoceptive information is then relayed to the dorsal posterior insula, mid-insula, and onward to vAI, a physiological integration site that is thought to represent internal feeling states that color subjective emotional experience and shape behavior (Craig, 2002 (Craig, , 2009 Critchley, 2004; Damasio and Carvalho, 2013) .
The salience network influences both the sympathetic and parasympathetic branches of the ANS. The sympathetic ANS (SANS) responds to arousing or threatening stimuli and mobilizes behavior (Saper, 2002) . The parasympathetic ANS (PANS), in contrast, downregulates arousal via the inhibitory influence of the vagus nerve. The vagus sends efferent signals from the brain to the internal organs, reducing heart rate to a pace that is slower than that set by the sinoatrial node (Carlson et al., 1992; Levy et al., 1993; Saper, 2002; Thayer and Siegle, 2002) and creating a "rest and digest" state that fosters interpersonal engagement and emotional attunement (Porges, 2001 ). These two ANS branches appear to be asymmetrically organized in the brain. Whereas right-lateralized (i.e., nondominant hemisphere) neural pathways promote SANS outflow, left-lateralized (i.e., dominant hemisphere) systems facilitate PANS activity (Oppenheimer et al., 1992 (Oppenheimer et al., , 1996 Yoon et al., 1997; Wittling et al., 1998a, b; Craig, 2005; Guo et al., 2016) .
Although previous research has examined how salience network connectivity relates to PANS activity (Guo et al., 2016) , it remains unknown how within-network nodal interactions relate to individual differences in resting PANS and SANS function. The behavioral variant of frontotemporal dementia (bvFTD) is a neurodegenerative disease that targets the salience network (Seeley et al., 2007; Zhou et al., 2010) and offers a unique opportunity to examine how salience network integrity relates to ANS deficits. In bvFTD, there is progressive deterioration of social behavior, empathy, and emotion (Rascovsky et al., 2007; Seeley et al., 2008 Kumfor and Piguet, 2012; Joshi et al., 2014b; . In addition to deficits in emotion generation (Sturm et al., 2006 (Sturm et al., , 2008 Eckart et al., 2012) , patients with bvFTD also exhibit PANS and SANS deficits at rest (Joshi et al., 2014a; Guo et al., 2016) .
In the present study, we investigated whether specific patterns of salience network dysfunction related to resting PANS and SANS deficits. We measured baseline ANS activity in patients with bvFTD and healthy controls (HCs) during a laboratorybased testing session. Participants also underwent structural MRI and task-free fMRI. Building on previous studies (Benarroch, 1993; Thayer and Lane, 2000; Craig, 2002; Saper, 2002; Critchley and Harrison, 2013; Damasio and Carvalho, 2013) , we developed a neural systems model (see Fig. 1A ) to guide our examination of nodes and edges (i.e., connectivity between node-pairs) that are embedded in the salience network and support ANS activity. We hypothesized that lateralized network impairment would be associated with resting ANS deficits such that left-sided dysfunction would predict diminished PANS activity whereas right-sided dysfunction would predict lower SANS activity.
Materials and Methods

Participants
We included 47 participants in the present study: 24 HCs (56.7-79.6 years of age) and 23 patients with bvFTD (34.2-71.2 years of age) (Rascovsky et al., 2007) . The HCs were recruited from advertisements and were free of current or previous neurological or psychiatric disorders. Patients underwent an interdisciplinary team evaluation at the University of California-San Francisco, Memory and Aging Center that included a clinical interview, neurological examination, functional assessment, MRI, and neuropsychological testing (Table 1) . A functional assessment of dementia severity was obtained using the Clinical Dementia Rating Scale (Morris, 1993) . Body mass index was calculated for all patients and for 20 of 21 HCs with available height and weight data. Participants were not taking medications at the time of the laboratory assessment (described below) that could significantly affect ANS functioning (i.e., stimulants, ␤-blockers, or acetylcholinesterase inhibitors). Power calculations based on previous studies of ANS dysfunction in bvFTD (Joshi et al., 2014a; Guo et al., 2016) showed that an ␣ ϭ 0.05 level test in a sample of this size had power Ͼ80% to detect a difference between the groups.
Experimental design and statistical analysis Laboratory assessment of autonomic physiology
Procedure. After informed consent, participants' physiological functioning was assessed at the Berkeley Psychophysiology Laboratory at the University of California-Berkeley (Levenson et al., 2008) .
Resting baseline autonomic physiology. Eleven 35 s resting baseline periods were extracted from a task in which participants viewed 11 short films (for complete details, see previous task descriptions) (Goodkind et al., 2015) . During these prefilm baseline periods, participants were instructed to relax and to watch an "X" on a white monitor screen.
Measures. Physiological measures were monitored continuously using a Grass Model 7 or Biopac polygraph, a computer with analog-to-digital capability, and an online data acquisition and analysis software package written by Robert W. Levenson. The software computed second-bysecond averages for the following measures: (1) heart rate (Beckman miniature electrodes with Redux paste were placed in a bipolar configuration on opposite sides of the participant's chest; the interbeat interval was calculated as the interval, in milliseconds, between successive R waves); (2) respiratory sinus arrhythmia (RSA), the peak-valley method was used, which measures the time differences between the shortest interbeat interval during inspiration and the longest interbeat interval dur-ing expiration on each breath (Grossman et al., 1990) ; (3) skin conductance level (SCL), a constant-voltage device was used to pass a small voltage between Beckman regular electrodes (using an electrolyte of sodium chloride in Unibase) attached to the palmar surface of the middle phalanges of the ring and index fingers of the nondominant hand; (4) respiration period (a pneumatic bellows was stretched around the thoracic region, and the intercycle interval was measured in milliseconds between successive inspirations); and (5) finger temperature (a thermistor attached to the distal phalanx of the little finger of the nondominant hand recorded temperature in degrees Fahrenheit).
This array of measures was selected to sample from major ANS (cardiovascular, electrodermal, and respiratory) systems and enabled us to examine both PANS and SANS integrity. RSA is a measure of vagally mediated, beat-to-beat variation in heart rate, an index of PANS activity (Berntson et al., 1997) . RSA is closely linked to respiration, with heart rate decelerating during expiration and accelerating during inspiration. We used the peak-valley method, which quantifies the difference between the longest heart period during expiration and the shortest heart period during inspiration (Grossman et al., 1990; Grossman and Taylor, 2007) . The natural logarithm of RSA was used to improve proximity to a normal distribution and was used in all analyses. SCL, which increases as there is greater innervation of the eccrine sweat glands, is a relatively pure SANS measure (Critchley, 2002) . Heart rate, respiration period, and temperature are influenced by both ANS branches and, therefore, were not the focus of our neuroimaging analyses.
Mean levels of physiological responding were computed for each 33 s prefilm baseline (1 s at the beginning and end of each baseline and trial was omitted to account for measurement error in the timing of trial onset and offset) and were then averaged across all 11 baseline trials. We calculated a Cronbach's ␣ reliability coefficient for each channel and found high reliability for each measure across the 11 baseline periods (interbeat interval ϭ 0.99, RSA ϭ 0.94, SCL ϭ 0.99, respiration period ϭ 0.92, and temperature ϭ 0.99), which suggests that the overall baseline means were an accurate reflection of stable, trait-like baseline ANS physiology.
Image acquisition
Structural imaging. The majority of participants (17 HCs and 22 patients) underwent research-quality MRI within close proximity of the laboratory assessment of autonomic physiology (4 months for patients and 12 months for HCs). Structural images were obtained on a 3.0 tesla TIM Trio scanner (Siemens) equipped with a 12-channel head coil located at the University of California-San Francisco, Neuroscience Imaging Center. Whole-brain images were acquired using volumetric MPRAGE (acquisition time ϭ 8:53, sagittal orientation, FOV of 160 ϫ 240 ϫ 256 mm with an isotropic voxel resolution of 1 mm 3 , TR ϭ 2300 ms, TE ϭ 2.98 ms, TI ϭ 900 ms, flip angle ϭ 9°).
Functional imaging. Task-free fMRI scans were also obtained in 14 HCs and 17 patients with bvFTD. The 3T scanner acquired 240 task-free T2*-weighted echoplanar fMRI volumes (acquisition time ϭ 8:06, axial orientation with interleaved ordering, FOV ϭ 230 ϫ 230 ϫ 129 mm, matrix size ϭ 92 ϫ 92, effective voxel resolution ϭ 2.5 ϫ 2.5 ϫ 3.0 mm, TR ϭ 2000 ms, TE ϭ 27 ms).
Image preprocessing
Structural imaging. Structural T1 images were visually inspected for movement artifacts before being processed with SPM12 (http://www.fil. ion.ucl.ac.uk/spm/software/spm12/). One patient was excluded because of poor scan quality, leaving a total of 21 bvFTD and 17 HCs. Within the same generative model (Ashburner and Friston, 2005) , the T1-weighted images were segmented into gray matter and white matter (WM) using the segment program in SPM12. To guarantee voxelwise comparability, gray matter images were normalized to MNI space by applying 12-parameter linear transformation and nonlinear warping, modulated, and smoothed with an 8 mm FWHM Gaussian kernel.
Functional imaging. For each fMRI scan, the first five volumes were discarded. SPM12 and FSL (http://fsl.fmrib.ox.ac.uk/fsl) software was used for subsequent fMRI preprocessing. The remaining 235 volumes were slice-time corrected, realigned to the mean functional image, and assessed for rotational and translational head motion. Volumes were next coregistered to the MPRAGE image and then normalized to the standard MNI-152 healthy adult brain template using SPM segment, producing MNI-registered volumes with 2 mm 3 isotropic resolution. These volumes were spatially smoothed with a 6 mm radius Gaussian kernel and temporally bandpass filtered in the 0.008 -0.15 Hz frequency range using fslmaths. Nuisance parameters in the preprocessed data were estimated for the CSF using a mask in the central portion of the lateral ventricles and for the WM using a mask of the highest probability cortical WM as labeled in the FSL tissue prior mask. Additional nuisance parameters included the 3 translational and 3 rotational motion parameters, the Data are mean (SD), unless otherwise noted. Analyses of covariance (controlling for age, sex, and education) found that patients with bvFTD (n ϭ 22) had significantly lower respiratory sinus arrhythmia, lower SCL, and shorter respiration period than the HCs (n ϭ 22). When we added additional covariates that might influence RSA (i.e., resting interbeat interval, resting respiration period, and body mass index) to the model (while also controlling for education, sex, and age), patients continued to have lower RSA (F (1,33) ϭ 469, p ϭ 0.038, p 2 ϭ 0.13). For SCL, although including resting interbeat interval, resting respiration period, and body mass index as additional covariates caused the difference to fall to trend levels, the pattern of results was in the expected direction, with patients having lower SCL than controls (F (1,32) ϭ 2.82, p Ͻ 0.11, p 2 ϭ 0.08). To examine whether the results of the original model (controlling for age, sex, and education) held in a smaller, age-matched sample, we removed patients under age 58 (n ϭ 6) and HCs over age 70 (n ϭ 8). In this subset of participants (17 bvFTD and 15 HCs), the patients and controls did not differ in age (F (1,31) ϭ 3.2, p ϭ 0.09, p 2 ϭ 0.09). In this smaller sample, the group differences in baseline autonomic activity remained significant. Compared with HCs, patients with bvFTD had lower RSA (F (1,27) ϭ 5.6, p ϭ 0.03, p 2 ϭ 0.17), lower SCL (F (1,27) ϭ 4.2, p ϭ 0.05, p 2 ϭ 0.14), and shorter respiration period (F (1, 27) 
) is provided as a measure of effect size. *p Ͻ 0.05, significant difference in the first model described above.
temporal derivatives of the previous 8 terms (WM/CSF/6 motion), and the squares of the previous 16 terms ( Satterthwaite et al., 2013) . Any participant with a maximum relative head translation Ͼ3 mm, maximum relative rotation Ͼ3 degrees, or Ͼ10% of frames with a motion spike Ͼ1 mm was excluded from the analysis. Previous work has shown that the edges tested in the present study have moderate to good testretest reliability with this level of head movement excluded (Guo et al., 2012) and that resting state measures are reliable when these preprocessing strategies are used (Varikuti et al., 2017) . We excluded two patients for excessive motion, leaving 14 HCs and 15 patients with bvFTD. The groups (controlling for age, sex, and education) did not significantly differ on total head movement during the scan, F (1, 24) Anatomical framework of autonomic functioning and relevant ROIs. A, Building on previous studies, we developed a lateralized schematic of PANS and SANS functioning. The salience network is anchored by hubs in anterior insula (AI) and ACC and has tight connections with central pattern generators, including the amygdala, hypothalamus, and PAG. Although this framework does not include many brainstem regions that are also integral for ANS activity (e.g., nucleus of the solitary tract, parabrachial nucleus, nucleus ambiguus, dorsal motor nucleus of the vagus, and rostral ventrolateral medulla, among others), it does include critical cortical and subcortical regions that can be measured with neuroimaging techniques. Thus, this represents a simplified yet testable conceptualization of the neural system that supports resting physiological activity as well as phasic emotional reactions. B, We extracted the BOLD time series from 21 ROIs that pertained to our neuroanatomical model of ANS functioning. Connectivity strength between each node-pair (or edge) was calculated by correlating the BOLD time series of each ROI with the BOLD time series of every other ROI, which provided us with a matrix of 210 edges to correlate with measures of baseline RSA and SCL. The ROIs were functionally connected to the insula and were obtained from task-free fMRI data in an independent cohort of healthy older controls. These ROIs (with the numerical labels that we assigned to them denoted in parentheses) included the following: left dorsal AI (1), right dorsal AI (11), left ventral AI node 1 (2), right ventral AI node 1 (12), left ventral AI node 2 (3), right ventral AI node 2 (13), left anterior midcingulate cortex (4), right anterior midcingulate cortex (14), left pregenual ACC node 1 (5), right pregenual ACC node 1 (15), left pregenual ACC node 2 (6), right pregenual ACC node 2 (16), left subgenual ACC (7), right subgenual ACC (17), left amygdala (8), right amygdala (18), left hypothalamus (9), right hypothalamus (19), left thalamus (10), right thalamus (20), and PAG (21). Amy, Amygdala; Hyp, hypothalamus; Thal, thalamus.
was associated with baseline RSA and SCL deficits in bvFTD (Table 2) . We chose to run the structural neuroimaging analyses in the patients only because they have significantly more atrophy than the controls in many of the regions that we expected would be related to the ANS measures and, thus, might unduly bias the analyses if we combined all of the participants. Age, sex, and education were included as nuisance covariates. In a follow-up analysis, we added SCL as an additional covariate in the RSA analysis and RSA as an additional covariate in the SCL analysis, which further allowed us to examine the independence of the neural correlates of each measure. A priori significance was established at uncorrected p Ͻ 0.001. A total of 1000 permutation analyses using combined peak and extent thresholds were run to derive a study-specific error distribution to determine the one-tailed T-threshold at p FWE Ͻ 0.05, corrected for multiple comparisons (Nichols and Holmes, 2002) . Functional connectivity neuroimaging analyses. Using a graph theoretical framework, we identified "connectivity clusters" that corresponded to the ROIs in our model (Fig. 1B) . The clusters were obtained from task-free fMRI data in an independent cohort of 40 healthy older controls (20 males, all Ͻ66 years old) as previously described (Guo et al., 2012) . In brief, we used four vAI and dorsal anterior insula (dAI) seeds, drawn from a meta-analysis of task-based fMRI studies that activated the insula (Kurth et al., 2010) to derive four connectivity maps. These four maps were entered into a full-factorial analysis, which identified brain regions with connectivity to the dAI clusters, to the vAI clusters, or to both the dAI and vAI clusters. We extracted the BOLD time series from 21 clusters that corresponded to the ROIs in our a priori theoretical model (Fig. 1A) and created a matrix that consisted of the connectivity strength of the edges in that model. Because the clusters are data-driven and have connectivity-based contours, they may sample a more homogeneous functional signal and be better suited for matrix-based analyses than typical spherical or landmark-based ROIs (Shirer et al., 2012) .
We used previously established methods (Sturm et al., 2013) to identify key edges associated with RSA and SCL. First, edge weights were r-to-z transformed, and we then ran correlation analyses across the patients and controls between RSA and the connectivity strength of all 210 edges in our matrix. We planned to include any regions for which the correlation coefficient was Ն0.20, a small to medium effect size (Cohen, 1992) , and a permissive inclusion threshold as additional candidate predictor variables in subsequent regression analyses. Next, we ran hierarchical regression analyses to determine which edges were significant predictors of RSA, a conservative test of our hypotheses because edges must emerge as significant predictors from a group of candidate predictor regions. In Step 1, we entered age, sex, education, and diagnosis into the model. In
Step 2, we used a "forward" entry model to determine which edges accounted for a significant amount of variance above and beyond the control variables; thus, edges that did not account for significant variance were excluded from the model. In this second step, we included as predictor candidates all of the edges that passed the 0.2 inclusion threshold from our correlation analyses. We ran three separate regression analyses for ipsilateral left-hemisphere edges, ipsilateral righthemisphere edges, and edges that crossed to the contralateral hemisphere (i.e., left to right or right to left) to minimize potential collinearity between homologous regions. We also examined our models to confirm that there was only weak multicollinearity among variables (variance inflation factor Ͻ 4). We next repeated this entire process to identify edges that were significant predictors of baseline SCL. For each regression, we visually inspected the histogram and P-P plot of the standardized residuals to ensure that the error terms were normally distributed. The plots showed that the points generally followed the normal (diagonal) line with no outliers or strong deviations, indicating that the assumptions of the regression models were met.
To ensure that any associations between functional connectivity and ANS physiology were not due to atrophy, we conducted another set of hierarchical regression analyses for RSA and SCL. From the structural scans, we extracted the total gray matter volume from each ROI. Here, in addition to the other nuisance covariates (age, sex, education, and diagnosis), we also included the mean ROI volumes for each of the edges (i.e., the mean volume of each node that comprised the relevant edges) that had entered the original forward-entry regression models in Step 1. In
Step 2, we included the connectivity strength of the edges that had entered the models in our original analyses.
We anticipated that any associations that we detected between ANS activity and functional connectivity would reflect a general relationship that is not specific to either diagnosis. To confirm that this was the case, we repeated the final regression models (for ipsilateral left-hemisphere edges, ipsilateral right-hemisphere edges, and edges that crossed to the contralateral hemisphere) for RSA and SCL in each diagnosis separately. Here, we included age, sex, and education as nuisance covariates in Step 1. In Step 2, we entered the edges that had explained a significant portion of the variance in the forward-entry regression models we had conducted across the sample. Although each diagnostic group was much smaller than the total sample and, thus, our power was substantially reduced in these analyses, our aim was to investigate whether the effect sizes of any the associations between functional connectivity and ANS activity that we detected across the sample were comparable in each of the diagnostic groups when examined separately.
Finally, in an additional set of regressions, we examined whether the mean connectivity strength of the edges that entered the regression RSA Whole-brain VBM analyses in patients with bvFTD (controlling for age, sex, and education) revealed that atrophy in many ANS network nodes was associated with lower baseline RSA (n ϭ 21) and SCL (n ϭ 20). MNI coordinates (x, y, z) given for maximum T score for the cluster (cluster size Ͼ150 mm 3 ). Results are significant at p Ͻ 0.001, uncorrected. To identify the independent neural correlates of PANS and SANS activity, we conducted follow-up VBM analyses when controlling for the opposing autonomic measure (i.e., including SCL as an additional covariate in the RSA VBM analysis and SCL as an additional covariate in the RSA VBM analysis).
b
Significance at p Ͻ 0.001, uncorrected, when also controlling for the opposing autonomic measure. and SCL models were lower in bvFTD compared with HCs. In these analyses, the independent variable was diagnosis (bvFTD or HC), and the covariates included age, sex, and years of education.
Results
Smaller left vAI volume and lower vAI-ACC connectivity are associated with lower baseline PANS activity In bvFTD, lower RSA was related to atrophy in a large cluster within left vAI, among other regions (Table 3 ; Fig. 2A ). When we also controlled for SCL in this RSA analysis, the results remained largely unchanged, although some regions that were more weakly associated with RSA no longer remained significant (Table 3 ; Fig.  2B ). Forward-entry hierarchical regression analyses across the bvFTD and HC groups determined that weaker functional connectivity in bilateral vAI-ACC edges, including left vAI-left ACC (2-5), left vAI-right ACC (2-16), and right vAIright ACC (13-15), was associated with lower baseline RSA (Table 4 ; Fig. 2C ). The functional connectivity results remained significant after atrophy correction. When we repeated the original regression analyses in each diagnosis separately, there were similar associations between RSA and the functional connectivity measures (Fig.  4-1 , available at https://doi.org/10.1523/ JNEUROSCI.0347-18.2018.f4-1). Patients with bvFTD had significantly lower connectivity strength than the HCs in the right vAI-right ACC (13-15) and left ACC-right amygdala (6 -18) edges (Table  5 ). These findings indicate that structural and functional deterioration of vAI (left Ͼ right) and its connections with ACC are associated with a loss of basal parasympathetic tone, as measured by RSA.
Stronger connectivity in ACC-hypothalamus/amygdala edges relates to lower baseline PANS activity
Although lower RSA was associated with weaker vAI-ACC connectivity, the regression analyses also revealed that lower RSA was associated with stronger connectivity in other edges. Most notably, stronger connections between bilateral ACC and predominantly right-sided hypothalamus/ amygdala edges were associated with lower RSA (Table 4 ; Fig. 2C ). This pattern was not mirrored in the VBM analyses in that there were no regions where larger volume was associated with lower RSA. All of the functional connectivity results held with atrophy correction, with the exception of the right pregenual ACC-right Figure 2 . Baseline PANS activity is determined by the strength of certain salience network connections and the suppression of others. A, Atrophy in left vAI was associated with lower RSA at p Ͻ 0.001, uncorrected (controlling for age, sex, and education) in 21 patients with bvFTD. Cyan represents T scores at p Ͻ 0.001, uncorrected (T Ͼ 3.69). Green represents T scores at p Ͻ 0.005, uncorrected (T Ͼ 2.92). B, We conducted a follow-up VBM analysis of RSA in which we added SCL as an additional covariate to the model. The results remained largely unchanged, although some weaker clusters no longer remained significant. Cyan represents T scores at p Ͻ 0.001, uncorrected (T Ͼ 3.79). Green represents T scores at p Ͻ 0.005, uncorrected (T Ͼ 2.98). C, The fMRI analyses revealed that lower baseline PANS activity was associated with lower vFI-ACC connectivity and higher connectivity primarily in ACC-hypothalamus/amygdala. Line thickness is scaled to reflect the percentage of variance that each edge explained (i.e., R 2 change, which ranged from 0.06 to 0.30) in the hierarchical regression model. Statistical maps are superimposed on the MNI template brain.
hypothalamus ( p ϭ 0.07) and right vAI-right hypothalamus ( p ϭ 0.30) edges. These results suggest that RSA depends on both functional integrity of vAI-ACC edges and suppressed connectivity in ACC-hypothalamus and ACC-amygdala edges (particularly in the right hemisphere), regions that appear to inhibit PANS activity, perhaps by promoting SANS outflow.
Stronger connectivity in ACC-hypothalamus/amygdala edges relates to higher SANS activity
If the hypothalamus and amygdala promote SANS activity, as suggested by the RSA analyses, then we would expect that preserved volume and connectivity in these regions would be associated with higher SCL. Consistent with this framework, a larger volume in left inferior temporal gyrus and left hypothalamus as well as right hypothalamus, amygdala, and PAG (at a more permissive threshold of p Ͻ 0.005) was associated with higher SCL (Table 3 ; Fig. 3A) . Furthermore, when we also controlled for RSA in this SCL analysis, the results remained largely unchanged though some regions that were more weakly associated with SCL no longer remained significant (Table 3 ; Fig. 3B ). Stronger bilateral ACC-hypothalamus connectivity was also associated with higher baseline SCL (Table 4 ; Fig. 3C ). Although there were no regions for which larger volume was associated with lower SCL, stronger connectivity in bilateral dAI-PAG and left anterior midcingulate cortex (aMCC)-right hypothalamus edges did relate to lower SCL (Table 4 ; Fig. 3C ). All functional connectivity Forward-entry hierarchical regression analyses in 15 patients with bvFTD and 13 HCs (controlling for age, sex, education, and diagnosis) were used to determine which edges were significant predictors of baseline PANS and SANS. Edges with positive and negative associations with RSA and SCL entered the models, suggesting that a combination of strong and weak functional connectivity in the ANS network is necessary for resting physiological activity.
b
Edge that lost significance when controlling for mean resting respiration period and interbeat interval. Edges that lost significance when controlling for the mean gray matter volume of the nodes in that edge. Mean connectivity strengths of the edges that entered the RSA and SCL regression models for bvFTD (n ϭ 15) and HC (n ϭ 14) groups.
results held with atrophy correction. When we repeated the original regression analyses in each diagnosis separately, there were similar associations between SCL and the functional connectivity measures (Fig. 4-1 , available at https://doi.org/10.1523/JNEUROSCI.0347-18.2018.f4-1). Together, these findings suggest that the right hypothalamus in particular is a key hub in SANS outflow and that atrophy and diminished connectivity in right hypothalamus/amygdala edges impede SCL. Patients with bvFTD had significantly lower connectivity strength than the HCs in the left ACC-right hypothalamus (6 -19), right ACC-right amygdala (16 -18), right ACC-left ACC (17-5), right dAI-PAG (11-21), and left aMCCright hypothalamus (4 -19) edges (Table 5) . Visual inspection of the data confirmed that significant associations that emerged between the functional connectivity measures and ANS activity were not driven by group effects (Fig. 4) .
Discussion
The salience network coordinates the parasympathetic and sympathetic branches of the ANS (Benarroch, 1993; Ongür and Price, 2000; Thayer and Lane, 2000; Saper, 2002; Seeley et al., 2007; Beissner et al., 2013; Critchley and Harrison, 2013) . This system enables the brain to trigger changes in the periphery and to receive continuous feedback about the physiological conditions of the body (Craig, 2002; Critchley and Harrison, 2013) . Previous research has revealed cerebral hemispheric asymmetry in PANS and SANS neural systems organization (Oppenheimer et al., 1992; Craig, 2005) . Whereas the left hemisphere is essential for PANS functioning (Wittling et al., 1998a; Guo et al., 2016) , the right hemisphere plays a dominant role in SANS activation (Yoon et al., 1997; Wittling et al., 1998b) . In keeping with this anatomical framework, our results suggest that healthy PANS and SANS activities are the product of complex, opposing intranetwork nodal interactions. We found that the structural and functional integrity of specific hubs, which have been identified in prior studies (left vAI for PANS and right hypothalamus/amygdala for SANS) (Xavier et al., 2013; Guo et al., 2016) , was critical for maintaining resting ANS outflow. Although the left vAI and right hypothalamus/amygdala hubs were lateralized and located in the predicted hemispheres, they had connections with ipsilateral and contralateral network nodes that were also integral for baseline ANS ac- Baseline SANS activity is determined by the strength of certain salience network connections and the suppression of others. A, Atrophy in inferior temporal gyrus, dorsal mid-insula, and hypothalamus was associated with lower SCL at p Ͻ 0.001, uncorrected (controlling for age, sex, and education) in 20 patients with bvFTD. At more permissive thresholds ( p Ͻ 0.005, uncorrected), smaller volume in the amygdala and PAG was also associated with lower SCL. The inferior temporal gyrus was the only cluster that survived permutation analysis, p FWE Ͻ 0.05. Cyan represents T scores at p Ͻ 0.001, uncorrected (T Ͼ 3.73). Green represents T scores at p Ͻ 0.005, uncorrected (T Ͼ 2.95). B, We conducted a follow-up VBM analysis of SCL in which we added RSA as an additional covariate to the model. The results remained largely unchanged, although some weaker clusters no longer remained significant. Blue represents T scores at p Ͻ 0.001, uncorrected (T Ͼ 3.79). Green represents T scores at p Ͻ 0.005, uncorrected (T Ͼ 2.98). C, Baseline SANS deficits were associated with lower connectivity in right amygdala/hypothalamus edges and higher connectivity primarily in bilateral dAI-PAG edges. Line thickness is scaled to reflect the percentage of variance that each edge explained (i.e., R 2 change, which ranged from 0.08 to 25) in the hierarchical regression model. Statistical maps are superimposed on the MNI template brain.
tivity. While ipsilateral pathways may facilitate within-hemisphere generation of PANS or SANS activity, contralateral projections may foster communication between hemispheres and enable systemlevel integration of PANS and SANS information. A distributed, bilateral ANS network that is anchored by asymmetric hubs may provide an efficient physiological system in which opposing PANS and SANS influences remain in a dynamic equilibrium at rest but can generate emotional reactions when needed.
RSA depends on strong vAI-ACC integrity and weak ACC-hypothalamus/amygdala connectivity Our analyses revealed a constellation of nodes and edges that were associated with resting RSA. Consistent with previous findings, vAI and pregenual ACC emerged as key hubs of PANS control (Oppenheimer et al., 1996; Gianaros et al., 2004; Thayer et al., 2012; Allen et al., 2015; Guo et al., 2016; Jennings et al., 2016) . Left vAI volume was positively associated with RSA in the structural neuroimaging analyses, and stronger connectivity in left vAI edges was also associated with higher RSA. vAI and pregenual ACC have tight reciprocal connections (Mesulam and Mufson, 1982; Carmichael and Price, 1996) and send projections to ANS brainstem nuclei, including the nucleus ambiguus and dorsal motor nucleus of the vagus (Shipley, 1982; Hurley et al., 1991) , a system that may promote the relay of PANS commands from cortical and subcortical hubs to peripheral organs, such as the heart (Gatti et al., 1996) .
In addition to edges in which stronger connectivity was associated with higher RSA, patients with weaker ACC-hypothalamus and ACC-amygdala connectivity had higher RSA. Interestingly, stronger connectivity in ACC-hypothalamus and ACC-amygdala edges was also associated with higher SCL, suggesting that the hypothalamus and amygdala (particularly in the right hemisphere) are central pattern generators essential for SANS outflow (Barbas and De Olmos, 1990; Laine et al., 2009; Xavier et al., 2013) . Direct connections from ACC to the intermediolateral cell column (Bacon and Smith, 1993) , or indirect connections through hypothalamus or amygdala (Saper et al., 1976; ter Horst et al., 1984; Barbas et al., 2003b) , may promote SANS outflow. Therefore, higher connectivity between these regions and ACC may impede PANS activity by stimulating SANS outflow, consistent with prior studies showing an antagonistic relation between PANS and SANS activity (Levy, 1990; Saku et al., 2014) . Our results suggest that RSA depends not only on strong connectivity in vAI-ACC, which promotes vagal tone, but also on relatively weak, or suppressed, connectivity in ACC-hypothalamus/amygdala, connections that encourage sympathetic responding. Regression plots for the functional imaging analyses. Partial residual plots for the four edges that explained the greatest percentage of variance (R 2 change) in RSA and SCL (controlling for age, sex, education, and diagnosis). Higher resting RSA was associated with (A) greater left vAI-left ACC (edge 2-5) and (B) lower left ACC-right hypothalamus (edge 7-19) functional connectivity. Higher SCL was associated with (C) greater left ACC-right hypothalamus (edge 6 -19) and (D) lower right dAI-PAG (edge 11-21) functional connectivity. Given that we controlled for diagnosis in the regression models, these plots show that the association that we detected between edge connectivity and resting autonomic activity was present in both diagnostic groups and, thus, was not driven by group membership. When we repeated the original analyses in each diagnosis separately, RSA and SCL had similar associations with the functional connectivity measures ( 
SCL depends on ACC-hypothalamus/amygdala integrity and weak dAI-PAG connectivity
Together with ACC, the amygdala and hypothalamus are integral SANS hubs (Bandler and Carrive, 1988; Price, 1999; Ongür and Price, 2000) . Our results indicate that stronger pregenual ACC-hypothalamus/amygdala connectivity was associated with higher SCL. Larger volume in inferior temporal gyrus, hypothalamus, amygdala, and PAG, among other regions, also predicted greater SCL activity. The integrity of pregenual ACC, and its direct projections with hypothalamus and amygdala, therefore, appears to be essential for SANS outflow (Barbas and De Olmos, 1990; Davis and Whalen, 2001; Ghashghaei and Barbas, 2002; Laine et al., 2009) .
Like RSA, SCL depended on stronger connectivity in some edges but weaker connectivity in others. Lower bilateral dAI-PAG and left aMCC-right hypothalamus connectivity were associated with higher SANS tone. Both aMCC and dAI are key structures in an inhibitory control system that constrains cognition and behavior and may also downregulate physiological arousal (Aron et al., 2004; Nee et al., 2007; Touroutoglou et al., 2012; EnriquezGeppert et al., 2013; Hoffstaedter et al., 2014) . Through connections with lateral frontoparietal task control networks (Mesulam and Mufson, 1982; Mufson and Mesulam, 1982) , dAI plays a central role in response inhibition and emotion suppression (Aron, 2007; Giuliani et al., 2011). The structural and functional integrity of aMCC has been associated with greater heart rate variability (Critchley et al., 2003; Winkelmann et al., 2017) , and connectivity in this region, therefore, may contribute to dampening, rather than inducing, physiological arousal. Although we were unable to examine substructures within our subcortical ROIs, this hypothesis would be especially compelling if the connectivity strength from our PAG and hypothalamus ROIs primarily captured the activity of their PANS-relevant subregions (Bandler and Shipley, 1994; da Silva et al., 2003) (Fig. 5) . Weakened connectivity in a PANS-mediated visceromotor braking system, therefore, may facilitate SANS activity. In bvFTD, atrophy and connectivity disruption involving both PANS and SANS structures likely resulted in a net loss of RSA and SCL activity despite altered intranetwork nodal interactions.
Limitations
There are several limitations of the present study that should be considered. First, the HCs were older than the patients with bvFTD. Given that RSA and SCL decline in normal aging (Barontini et al., 1997; Masi et al., 2007) , the age distribution of our sample would work against our hypothesis and make it more difficult for us to detect ANS impairment in the younger bvFTD group. Furthermore, we took several additional steps to mitigate the potential impact of age on our results: (1) our primary analyses were regression analyses rather than group comparisons, which allowed us to investigate how brain volume and functional connectivity related to ANS activity across the diagnostic groups; (2) we included age as a covariate in all analyses; and (3) we conducted a follow-up analysis on ANS activity in a subgroup of patients who were age-matched and continued to find PANS and SANS deficits in bvFTD, a pattern that is consistent with previous studies (Joshi et al., 2014a; Guo et al., 2016) . We also found that patients had faster baseline respiration rates, an alteration that may also reflect disruption of vagal pathways (Carlson et al., 1992; Critchley, 2002; Rybak et al., 2004) . Given that our sample size was relatively small, however, additional studies are needed to detect the more subtle relationships that might exist between functional connectivity and ANS outflow. Larger studies of bvFTD will also be critical for elucidating whether RSA deficits relate to the alterations in respiration that we detected. Second, our study was not able to examine the functional connectivity of many relevant ANS brainstem nuclei, and many of our subcortical ROIs could have been deconstructed further into anatomically meaningful subregions with specific PANS and SANS roles. The hypothalamus and PAG, for example, can be divided into subregions that receive distinct projections from ACC and vAI and play different roles in PANS and SANS (Bandler and Shipley, 1994; Price, 1999) . Because of this limitation, we may have failed to detect important associations between these subregions and our ANS measures. Future studies that are able to subdivide these small structures into even finer parcels will continue to elucidate the neural architecture of ANS functioning. Third, whereas our PANS measure, RSA, was a cardiovascular measure, our SANS measure, SCL, was an electrodermal measure. Future studies that use cardiovascular measures of SANS activity, such as impedance cardiography, could help to determine whether all aspects of SANS activity are similarly disrupted in bvFTD or whether the SANS impairment is specific to electrodermal outflow. Given that SCL is a cholinergic, rather than an adrenergic, SANS measure, it is also possible that cholinergic dysfunction in bvFTD may underlie both the RSA and SCL deficits that we detected. Whether the adrenergic system is also altered in bvFTD will need to be addressed in future studies. . Hypothesized RSA network. Our results suggest that resting PANS tone depends on the integrity of both strong and weak edges in the salience network. Stronger vAI-ACC connectivity and weaker ACC-hypothalamus/amygdala connectivity were associated with higher resting RSA. RSA, therefore, depends on intact connections between vAI (left Ͼ right) and ACC and weaker connections between ACC and hypothalamus/amygdala (right Ͼ left), suggesting that nodes that support SANS outflow must be inhibited to facilitate PANS activity. We hypothesize that PANS-specific (e.g., ventrolateral PAG) and SANS-specific (e.g., dorsal PAG) subregions in each node as well as untested connections with brainstem nuclei that are difficult to image (e.g., nucleus ambiguus) may also play important roles in this network that we were not able to evaluate. Green lines indicate edges in which stronger connectivity promoted RSA (i.e., edges 2-5, 2-16, and 13-15). Purple lines indicate edges in which stronger connectivity inhibited RSA (i.e., 13-19, 7-9, 16 -19, 17-19, and 6 -18) . *Edges that emerged as significant predictors of RSA in the regression models. Laterality has been omitted for visual simplicity but is alluded to in the figure layout. dPAG, Dorsal PAG; vlPAG, ventrolateral PAG. For other abbreviations, see Figure 1 .
In conclusion, although a single distributed salience network supports ANS physiology, opposing PANS and SANS subsystems within this network play distinct roles in homeostasis maintenance. Our results suggest that highly calibrated connections within the PANS and SANS subnetworks promote ANS outflow. Disruption of these subsystems in bvFTD may tip the autonomic balance and alter resting physiology as well as emotional responding. These findings may have wider implications for the study of psychiatric conditions with alterations in emotion and behavior.
